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Abstract 1  

Simulations of biomass burning (BB) emissions in chemistry transport models strongly depend 2  

on the inventories that define emission source locations and strength. In this work, we use 13 3  

global biomass burning emission estimates, including the widely used Global Fire Emission 4  

Database (GFED) monthly and daily versions, Fire Radiative Power (FRP)-based Quick Fire 5  

Emission Dataset QFED, and 11 calculated emissions from different combinations of burned 6  

area based on the Moderate Resolution Imaging Spectroradiometer (MODIS) products, fuel 7  

consumption, and species emission factors as alternative inputs to the global Goddard Chemistry 8  

Aerosol Radiation and Transport (GOCART) model. The resultant simulated aerosol optical 9  

depth (AOD) and its spatial distribution are compared to AOD snapshots measured by the 10  

MODIS instrument for 124 fire events occurring between 2006 and 2007. It is shown that the 11  

quantitative relationship between BB emissions and model-simulated AOD is related to the 12  

horizontal plume dispersion, which can be approximated by the wind speed in the planetary 13  

boundary layer in most cases. Thus, given average wind speed of the smoke plume environment, 14  

MODIS-measured AOD can provide a constraint to the strength of BB sources. In addition, we 15  

compare selected global BB emission estimates and review their regional performance when 16  

used in the GOCART model. The limitations of using MODIS AOD snapshots to constrain 17  

biomass burning source strength in the global aerosol models are also discussed. 18  

19  
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1 Introduction 20  

Biomass burning (BB) has been recognized as one of the major contributors to 21  

carbonaceous aerosol emissions of black carbon (BC) and organic carbon (OC), as well as a 22  

source of aerosol precursor gases such as SO2, NOx, and a suite of volatile organic compounds  23  

[Akagi et al., 2011; Andreae and Merlet, 2001]. Optically and chemically potent biomass 24  

burning particles play important roles in atmospheric processes through their impact on air 25  

quality [NARSTO, 2003; Sapkota et al., 2005; Wiedinmyer et al., 2006], visibility [Bäumer et al., 26  

2008; Mazurek et al., 1997] and human health [Seaton et al., 1995], and as one of the factors 27  

affecting global climate through direct and indirect radiative effects [IPCC, 2007; Lohmann and 28  

F eichter, 2005; Yu et al., 2006]. Therefore, it is important to represent biomass burning 29  

emissions as accurately as possible in global and regional models, which are among the main 30  

tools for studying earth and atmospheric processes [CCSP, 2009], estimating climate forcings 31  

[Boucher and Anderson, 1995; Dentener et al., 2005; IPCC, 2007], and assessing both regional 32  

pollution loads [Quinn et al., 2008; Shindell et al., 2008] and long-range transport of pollutants 33  

[Chin et al., 2007; Colarco et al., 2004; Damoah et al., 2004; Jaffe et al., 2004; Warneke et al., 34  

2009] .  35  

To simulate the emission and subsequent evolution and transport of aerosol particles from 36  

fires, models need two essential pieces of information - strength of the biomass burning sources 37  

and height of injection. Location and strength of BB sources are usually input into the model 38  

from an external emission inventory. A number of global and regional BB emission inventories 39  

exist, and are usually constructed bottom-up, considering the properties of the burning ecosystem 40  

and the extent and properties of the fires [Giglio et al., 2006b; Ito and Penner, 2004; Liousse et 41  

al., 2010; Michel et al., 2005; Turquety et al., 2007; Van der Werf et al., 2010; Vermote et al., 42  
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2009; Wiedinmyer et al., 2011]. Alternatively, a top-down approach, described, for example, by 43  

Dubovik et al. [2008], uses inverse modeling to estimate biomass burning source strength from 44  

the measured aerosol properties, such as aerosol optical depth (AOD). This latter approach is 45  

labor- and computation-intensive, and is not widely used by the aerosol modeling community.  46  

Natural BB variability [Schultz et al., 2007; Van der Werf et al., 2006], errors and 47  

uncertainties associated with the estimates and measurements of emission-related parameters, 48  

such as (1) burned area [Giglio et al., 2010], (2) biomass type and properties [Fritz and See, 49  

2008], (3) aerosol and gas emission factors [Akagi et al., 2011], (4) properties of the fire and 50  

environment in which burning happens [Hyer and Reid, 2009; Soja et al., 2004; Van der Werf et 51  

al., 2010], as well as (5) different approaches to calculating emissions [Al-Saadi et al., 2008] - all 52  

lead to discrepancies between emission estimates provided by BB emission inventories. These 53  

discrepancies can be quite significant, and they propagate in aerosol models to impact simulated 54  

aerosol effects [Chin et al., 2009; Reid et al., 2009]. 55  

The amount of aerosol in the atmospheric column is directly proportional to AOD 56  

observed at the top of the atmosphere [Levy et al., 2007, 2010]. AOD is routinely measured by 57  

spaceborne instruments. Each such measurement captures the aggregation of aerosol particles 58  

that have been emitted into the atmosphere by the fires, from the beginning of burning until the 59  

time of measurement, except those that were transported away from the field of view. It is, 60  

therefore, possible to use satellite-measured AOD as an instantaneous observational constraint to 61  

the strength of biomass burning sources in an aerosol model.  62  

In this work, we use 13 global biomass burning emission estimates, including the widely 63  

used Global Fire Emission Database (GFED) monthly and daily versions, Fire Radiative Energy 64  

(FRE)-based Quick Fire Emission Dataset QFED, and 11 calculated emissions from different 65  
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combinations of burned area based on the Moderate Resolution Imaging Spectroradiometer 66  

(MODIS) products, fuel consumption, and species emission factors as alternative inputs to the 67  

global Goddard Chemistry Aerosol Radiation and Transport (GOCART) model. The resultant 68  

simulated AOD and its spatial distribution are compared to AOD snapshots measured by the 69  

MODIS instrument for 124 fire events occurring between 2006 and 2007, providing information 70  

on how satellite AOD data can be used to constrain the BB emission. We describe the approach, 71  

emission datasets, GOCART model, and satellite observations in sections 2 and 3, and show the 72  

model results of AOD from different emission estimates and discuss the outcome in section 4. 73  

Conclusions from this study are given in section 5. 74  

 75  

2 Estimation of biomass burning source strength 76  

2. 1 Estimating BB emissions based on burned area 77  

The most common way to estimate BB emissions is the following empirical relationship, 78  

which is based on the one originally introduced by Seiler & Crutzen [1980]:  79  

Mj=A*B* *F j,      [1] 80  

where Mj is the mass of emitted species j (here BC, OC, and SO2); A is the burned area; B is the 81  

average amount of biomass or organic matter an ecosystem contains per unit area;  is the 82  

combustion completeness or burning efficiency, which is the fraction of fuel actually consumed 83  

in a fire [Soja et al., 2004; Van der Werf et al., 2006].  is dependent on the fire severity and fuel 84  

type, and can range from 98% for standing dry grass to less than 10% for dead logs [Liousse et 85  

al., 2003]; and F j is the emission factor of species j, defined as the amount of species j released 86  

per unit of fuel consumed [Andreae and Merlet, 2001], expressed in grams of tracer per kilogram 87  

of burned dry mass.  88  
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The product of A, B and  in Equation 1 represents the amount of fuel consumed within 89  

B and combustion 90  

completeness  the "fuel consumption". Listed below are several data products that provide 91  

estimates of each term in Equation 1 individually or as part of a combined quantity, e.g., fuel 92  

consumption or dry mass burned. These data products are later combined to provide BB 93  

emissions to the aerosol model. 94  

2.1.1 Burned area (A)  95  

a) The MODIS collection 5 burned area product - MCD45A1 [Roy et al., 2008]: This 96  

product is developed based on the change of surface reflectance following a fire. The data are 97  

available from the Earth Observing System Clearing House [EOSDIS, 2009] in a set of monthly 98  

files, each containing one of the ~10°(lat) x 10°(lon) granules defined on the MODIS sinusoidal 99  

grid [Giglio, 2010]. Each granule contains the locations of burned pixels for each day of the 100  

month, at 500 m spatial resolution, which were gridded to the 1°(lat) x 1.25°(lon) GOCART grid. 101  

Burned area estimates for the overlapping eight days before and after each month are ignored to 102  

avoid duplication. This product is referred to here as "MCD45." 103  

b) Burned area estimated from MODIS active fire counts: This product is based on the  104  

1 km2 size fire pixels from the combined MODIS-Terra (MOD14A1) and MODIS-Aqua 105  

(MYD14A1) thermal anomalies with multiple counting removed, i.e., pixels classified as fires 106  

more than once on the same day are counted only once. These data were also obtained from the 107  

EOS Clearing House [EOSDIS, 2009], and the fire counts were gridded to the 1° (lat) x 108  

1.25°(lon) GOCART grid.  This product is referred to here as "mod1".  109  

To estimate the area burned by the detected fires we assume that each pixel classified as 110  

burning corresponds to 1 km2 of burned area. Here, we have to acknowledge the reported large 111  
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variations of effective burned area per detected fire, even in the same ecosystem [Giglio et al., 112  

2006b, 2009; Roy et al., 2008; Soja et al., 2004]. The conversion factors reported previously 113  

range from 0.3 km2 to 6.6 km2 effective burned area per fire detection, based solely on MODIS-114  

Terra detection analyses in different locations globally [Giglio et al., 2006b, 2010]. Other 115  

estimates include 0.79 km2/pixel [Soja et al., 2009], and 0.625 km2/pixel [Reid et al., 2009]. 116  

According to Soja et al. [2009], counting every pixel and assuming 1 km2/pixel for every fire 117  

detection leads to gross overestimation of burned area (by about a factor of 2 in the western US), 118  

highlighting the wide disparity in estimating burned area using fire detection data.  119  

c) Global F ire Emission Dataset version 3 (G F E D3) burned area: It is another MODIS-120  

based product with 0.5° Giglio et al., 2009]. The 121  

algorithm combines the detection of change in surface properties (vegetation index) with the use 122  

of the active fire product.  Instructions on downloading GFED data and converting burned area 123  

from monthly to daily estimates are available from http://globalfiredata.org/Data/index.html.  124  

2.1.2 Fuel density (B) and fuel consumption (B* ) 125  

a) Global Land Cover dataset (GLC2000): Referred to here as "GLC", it provides a map 126  

of 22 land cover types globally, at the original 1-km and also a 0.5°×0.5° spatial resolution. GLC 127  

methodology and datasets are introduced by Bartholome and Belward [2005] and numerous 128  

subsequent publications [e.g., Gonsamo and Chen, 2011; See and F ritz, 2006; Xiao-Peng et al., 129  

2011] , and available online at http://bioval.jrc.ec.europa.eu/products/glc2000/glc2000.php. 130  

Typical biomass density, combustion completeness, and emission factors are defined for 16 of 131  

the 18 vegetated land-cover types [Liousse et al., 2003, 2010; Michel et al., 2005]. These 132  

properties are summarized in Table 1.  133  
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All emission calculations involving the GLC dataset were calculated with a spatial 134  

resolution of the original dataset (0.5°×0.5°) and then mapped onto the GOCART 1° (lat) x 135  

1.25°(lon) grid. Figure 1 shows the spatial distribution of the vegetation types on the GOCART 136  

grid. The vegetation type occupying the largest areal fraction of each grid box is designated as 137  

dominant for that box and is the color shown on the map. 138  

b) The Weather- and E cosystem-Based F ire Emissions (WEB-FE): It is developed at the 139  

National Institute of Aerospace and NASA Langley Research Center, is available upon request 140  

from its developers (A. Soja).  In this analysis, we use the Carbon Consumption (CC) database 141  

from WEB-FE, which is defined as the potential amount of available carbon consumed by fire. 142  

Spatially-explicit fuel consumption estimates were first developed for Northern Eurasia 143  

based on the amount of fuel contained in ecosystems that could be available to burn [Soja et al., 144  

2004], which is ultimately dependent on the weather that precipitates fire events.  Unique 145  

estimates for the potential amount of carbon (or fuel) consumed are calculated for 35 distinct 146  

ecoregions across Northern Eurasia, which includes 4 separate peatland estimates. Fuels data 147  

were taken from Alexeyev and Birdsey [1998] and include overstory, understory, litter, peat and 148  

soil organic matter; carbon is assumed to be 50% of the available fuel.  Each ecoregion estimate 149  

consists of 3 potential severity classes, resulting in 105 discrete spatially-explicit estimates.  For 150  

instance, a low-severity surface fire consumes 20% of the accessible understory and litter layer, 151  

and a high-severity crown fire consumes 20% of the accessible tree stand vegetation and 100% 152  

of the accessible understory and litter are consumed.  Ecosystem-based estimates range from 153  

low-, medium- to high-severity carbon consumption and have been verified. Subsequently, the 154  

data were validated with ground-based fuel consumption data for a range of fire severities and 155  

ecosystems (r2=0.86).  156  
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Global carbon consumption estimates were built from above-ground fuel provided by 157  

Olson et al. [1985] and soil carbon by Zinke et al. [1986], and these global estimates are overlaid 158  

with detailed data as they become available (currently for Northern Eurasia, Canada and Alaska).  159  

The global estimates were developed for near-real-time use and have proven themselves in 160  

numerous field campaigns [e.g., Choi et al., 2008; Pierce et al., 2007].  The information gleaned 161  

from this investigation will lead to improvements in this dataset. 162  

The fuel consumption from biomass burning events is determined by the fire severity that 163  

is associated with the high, medium, and low CC data from WEB-FE. Here we use the Haines 164  

index (HI) to estimate the fire severity, which was developed to assess the potential for rapid fire 165  

growth [Haines, 1988] and is also known as the Lower Atmosphere Severity Index [Winkler et 166  

al., 2007]. The Haines index is a number ranging from 2 to 6 that describes the stability and 167  

moisture content of the lower atmospheric layer (~1 km high) with topography taken into 168  

account. The index is a simple sum of two terms: the lapse rate term (temperature difference 169  

between layer bottom and top) describing the stability of the layer, and the Dewpoint depression 170  

term (difference between temperature and dew point temperature at the lower level). In other 171  

words, an unstable, dry atmosphere will have higher HI, indicating a likelihood of more severe 172  

fire. The HI was developed, and has been studied most extensively, for North America [Werth 173  

and Ochoa, 1993; Winkler et al., 2007]; its application has not been evaluated for other parts of 174  

the world.  175  

In this study HI was calculated for each GOCART grid box using 3-hourly reanalysis 176  

meteorological fields from the Goddard Earth Observing System version 4 Data Assimilation 177  

System (GEOS-4 DAS) [Bloom et al., 2005], and the HI value determined the choice of the fuel 178  

consumption category from the CC datasets - HI of 2-4, 5, and 6 are associated with the low, 179  
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medium, and high CC, respectively. These 3-hourly CC values in each grid box were averaged 180  

over the course of 24 hours and the converted to fuel consumption (typically CC/0.5) for a 181  

particular day.  182  

2.1.3 Emission factors (F j) 183  

In the standard GOCART configuration, emission factors of 1, 8, and 1.1 g per kg of 184  

burned dry mass are used globally for BC, OC and SO2, respectively [Chin et al., 2007]. 185  

Alternatively, for combinations that include GLC vegetation types, we use vegetation-type-186  

dependent emission factors for BC, OC, and SO2 provided in the GLC database (Table 1) 187  

[Liousse et al., 2003, 2010; Michel et al., 2005].  188  

 The GFED emission inventory, introduced below, works with a set of vegetation type-189  

dependent emission factors based on Andreae and Merlet [2001], which are used in some of the 190  

GOCART runs together with the GFED dry mass option. For comparison with other inventories, 191  

the GFED emission factors for the aerosol-related species of interest are given in Table 2, with 192  

the full set of species considered in GFED3, listed by Van der Werf et al. [2010] 193  

2.2 Global F ire Emission Dataset (G F E D) emission estimates 194  

In addition to calculating the emissions from different components, as given in Equation 195  

1, we also used emission estimates from GFED 3, which provides emission amounts ready to use 196  

in the models, or burned dry mass estimate (DM=A*B*C), which can be combined with different 197  

emission factor options. The GFED3 daily emission and burned dry mass at the original 198  

0.5°×0.5° spatial resolution (http://www.falw.vu/~gwerf/GFED/GFED3/emissions) were re-199  

gridded to the 1°(lat) × 1.25°(lon) GOCART grid. The GFED3 approach to estimating burned 200  

area combines deriving burned area from the change of surface properties with the use of fire 201  

detections in places where surface property information is unavailable [Giglio et al., 2010]. The 202  
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Carnegie-Ames-Stanford-Approach (CASA) biogeochemical model used to estimate burned dry 203  

mass and emissions is described in detail by Van der Werf et al. [2010], and the method for 204  

scaling monthly GFED3 emissions to daily estimates using MODIS active fire counts is 205  

described by Mu et al.  [2011]. 206  

GFED version 2 monthly emission estimates have been widely used in the aerosol 207  

modeling community [Dentener et al., 2006], so this dataset is considered here to assess the 208  

potential changes with the switch to the newer version of GFED.  209  

2.3 Estimating BB emission based on fire radiative energy (F R E) 210  

The relationship between the energy released by the fire and emission of aerosols and 211  

gases was suggested by Kaufman et al. [1996], and has subsequently been studied and refined 212  

[Ichoku and Kaufman, 2005; Schroeder et al., 2010; Vermote et al., 2009; Wooster et al., 2002, 213  

2005]. The approach presented by Wooster et al. [2002, 2005] relates the amount of combusted 214  

biomass, which is equivalent to the term "dry mass burned (DM)" used in this study, and fire 215  

radiative energy (FRE) as follows: 216  

D M (kg) = a * F R E (MJ),    [2] 217  

where a is an empirically derived factor. Fire radiative energy is the fire radiative power (FRP) 218  

-of-atmosphere measured 219  

by MODIS, and integrated over time for the estimated duration of burning. This relationship has 220  

been used by the developers of FRE-based emission inventories, such as Global Fire 221  

Assimilation System (GFAS, [Kaiser et al., 2012]) and Quick Fire Emission Dataset (QFED, 222  

[Darmenov and da Silva, manuscript in preparation, 2012]) to estimate the amount of DM from 223  

the MODIS FRE. Species-specific emission factors are then applied to DM estimates to obtain 224  
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aerosol emissions. QFED developers omit the DM estimation step and work directly with 225  

emissions (using CO as a reference) to find coefficients that relate emission rates to  FRP.  226  

After the initial emissions have been estimated, these estimates are adjusted to improve 227  

the agreement between MODIS-measured AOD and model-simulated AOD by applying 228  

additional adjustments using MODIS AOD to specify region-specific emission strength 229  

[Darmenov and da Silva, manuscript in preparation, 2012]. QFED is the default BB emission 230  

inventory in the GEOS-5 modeling system  [Rienecker et al., 2008]. It provides daily estimates 231  

of BB emissions at ~0.25°(lat) × 0.3125°(lon) horizontal resolution, and can be obtained from its 232  

developers at Global Modeling and Assimilations Office (GMAO, http://gmao.gsfc.nasa.gov/) at 233  

NASA Goddard Space Flight Center. 234  

We use QFED version 2.2 in this study to compare its emission estimates with those by 235  

other inventories. Because QFED emissions are adjusted with the MODIS AOD, QFED-based 236  

GOCART runs are not used in model evaluations with MODIS AOD described in sections 4.2-237  

4.4. 238  

2.4  BB emission options 239  

Ready-to-use emission inventories and the combinations of parameters, as described 240  

above, resulted in 13 datasets that define BB source location and strength. These products are 241  

referred to here as "emission options," and are summarized in Table 3. The name of the emission 242  

option is usually composed of three parts, where the first set of alphanumeric symbols stand for 243  

burned area product, next set of symbols signify the fuel consumption product, and the last 244  

symbols define the emission factor option. If the emissions came from a ready-to-use inventory 245  

(such as GFED3 or QFED), the name of the inventory is kept unchanged. 246  

 247  
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3 Aerosol from satellite observations and model simulations 248  

3.1 G O C A R T model  249  

GOCART is a global chemistry and transport model that simulates the major tropospheric 250  

aerosol types: sulfate and its precursors, OC, BC, dust, and sea salt. For this work, it uses 251  

assimilated meteorological fields from the GEOS-4 DAS [Bloom et al., 2005] with a spatial 252  

resolution of 1.25° longitude by 1° latitude, and 30 vertical layers. The time step of model output 253  

is 3 hours. 254  

The GOCART model is described in detail in several publications [e.g., Chin et al., 2000, 255  

2002, 2007, 2009; Ginoux et al., 2001]. Briefly, chemical processes in the model include gas and 256  

liquid phase reactions that convert sulfate precursors (dimethylsulfide or DMS, and SO2) to 257  

sulfate. Carbonaceous aerosol aging is represented by the conversion of hydrophobic aerosols 258  

(original 80% of BC and 50% of OC) to hydrophilic with an e-folding time of 2 days. Physical 259  

processes include aerosol emission, advection, convection, as well as wet and dry deposition. 260  

Biomass burning and anthropogenic emissions are input from available global inventories, and 261  

natural emissions are either from available estimates or calculated on-line as a function of 262  

meteorological conditions. 263  

Biomass burning emissions of SO2, BC, and OC are provided by external datasets 264  

summarized in section 2.4. The model was run once with each emission option, each time for the 265  

same 13 months (June 2006 - June 2007), preceded by a 3-month spin-up, with all other settings 266  

(e.g., anthropogenic and natural emissions) kept the same.  Daily BB emissions were prepared 267  

off-line and then read into the model. All BB emissions were assumed to be injected within the 268  

planetary boundary layer. 269  
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Aerosol optical depth is determined from the dry mass concentrations and mass 270  

extinction coefficients for the major aerosol types, which are functions of aerosol size 271  

distributions, refractive indices, and humidity-dependent hygroscopic growth.  Total AOD is the 272  

sum of optical depths of individual aerosol types: dust, black carbon, particulate organic matter, 273  

sulfate, and sea salt. The AOD calculation methods, as well as the sources and values of the 274  

relevant parameters, are described by Chin et al. [2002, 2009]. 275  

3.2  Satellite observations of aerosol  276  

3.2.1 M O DIS aerosol optical depth 277  

MODerate resolution Imaging Spectroradiometer (MODIS) is a key instrument on board 278  

satellites. With a wide 2330 km swath, MODIS observes the whole 279  

globe in 1 to 2 days with a more frequent coverage of higher latitudes. Measurements made in 36 280  

spectral bands between 0.405 and 14.385 µm are a source for a number of land, ocean and 281  

atmospheric products with band-dependent nominal spatial resolutions of 250 m, 500 m, or 1 km 282  

(http://modis.gsfc.nasa.gov/about/). We use here the 550 nm AOD from the MODIS Collection 5 283  

level II aerosol product (MOD04 or MYD04 from the MODIS instruments on Terra and Aqua 284  

satellites, respectively) at 10 km resolution [Levy et al., 2010; Remer et al., 2006]. For each BB 285  

event, only one MODIS snapshot is used, from MOD04 or MYD04, as appropriate. All 10-km 286  

pixels where AOD retrievals are available are averaged to the 1°lat × 1.25°lon GOCART grid for 287  

further comparison with the model AOD.  288  

3.2.2  M ISR stereo height and aerosol products 289  

The Multiangle Imaging SpectroRadiometer (MISR) 290  

a unique geometry, where it is looking down on Earth with nine cameras, precisely aligned to 291  

sequentially view a 380 km-wide swath at nine different angles in four spectral bands (blue, 292  
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green, red, and near-infrared), providing global coverage every 9 days [Diner et al., 1998]. To 293  

evaluate the height of smoke layers we use the MISR operational level 2 stereo height product 294  

(from http://eosweb.larc.nasa.gov), which reports cloud and near-source aerosol plume heights 295  

globally, on a 1.1-km grid, and with vertical accuracy of about 0.5 km [Moroney et al., 2002]. 296  

The MISR aerosol product includes AOD and aerosol type constraints globally [Kahn et al., 297  

2010], and is used here in some cases to confirm plume locations when assessing their height.  298  

3.2.3  C A L IPSO vertical feature mask 299  

The CALIPSO satellite carrying the CALIOP (Cloud-Aerosol Lidar with Orthogonal 300  

- tion of sun-synchronous satellites, 301  

which cross the equator in the early afternoon around 1:30 P.M. local time in an ascending orbit. 302  

CAIPSO vertical feature mask provides vertical and horizontal distribution of cloud and aerosol 303  

layers with 5 km spatial resolution [Vaughan et al., 2004; Winker et al., 2009]. Aerosol and 304  

cloud layers are classified by associating measured optical or physical parameters (such as 305  

attenuated backscatter coefficient, or color ratio) with particular class of known atmospheric 306  

scatterer. Vertical Feature Mask is used here to evaluate smoke height in the studied cases, where 307  

CALIPSO observations are available. Daily CALIOP data are available at 308  

http://eosweb.larc.nasa.gov/PRODOCS/calipso/table_calipso.html. 309  

3.3 Biomass burning events   310  

One hundred and twenty four fire events, occurring between June 2006 and June 2007 in 311  

different regions of the world, were used to evaluate the emission options. These events include a 312  

range of fire sizes, seasons, types of vegetation, and burning conditions. Fire cases were selected 313  

to include smoke plumes, which are defined as smoke-like features appearing in MODIS visible 314  

images, supported by presence of fire pixels reported in MODIS thermal anomalies product 315  
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(MOD14/MYD14 for Terra and Aqua MODIS respectively), and at the same time showing 316  

elevated AOD in the MODIS AOD data. Thus, the sizes of study cases vary considerably, and 317  

can include single fires with associated smoke plumes, such as several events in the US, areas of 318  

generally hazy regions containing many fires with or without individual visible plumes, such as 319  

the agricultural burning in Africa, Eastern Europe or South America, or cases where large 320  

individual smoke plumes merge to produce thick smoke clouds, such as several cases in Russia, 321  

Canada, Indonesia, and South Australia. Table 4 provides a list of studied fire cases, which gives 322  

their unique identification numbers, specifies their geographic boundaries defined by latitude and 323  

longitude corners, reports the date of MODIS observation, and denotes the MODIS-carrying 324  

satellite used by letters "A" or "T", which stand for Aqua and Terra, respectively. 325  

To locate the fire events, we used as a starting point events featured on the Earth 326  

Observatory web site, which provides a selection of fires in the Natural Hazards/Fires category 327  

(http://earthobservatory.nasa.gov/NaturalHazards). We also used a combination of MODIS 328  

visible browse images (http://modis-atmos.gsfc.nasa.gov/IMAGES/) and the locations of fire 329  

detections from the MOD14A1 and MYD14A1 thermal anomalies products to identify the 330  

locations and times of burning events. A subset of these events was chosen for analysis, based on 331  

whether smoke or general haziness, un-obscured by condensate cloud, appears in visible images 332  

of the region. Figure 1 displays a map showing the locations of the cases studied. They are 333  

grouped into geographic regions having roughly similar burning conditions.  334  

In selecting the fire cases, we also considered biomass burning seasons in different 335  

regions. These seasons are described elsewhere [Dey and Di Girolamo, 2010; Duncan et al., 336  

2003; Giglio, 2010; Giglio et al., 2006a] and are mentioned in Table 4. Table 4 also provides a 337  

description of prevailing vegetation and characteristics of burning in each world region.  338  
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In regions with strong dust sources, such as northern India and North Africa, we consider 339  

the seasonality of dust emissions as those times when dust significantly contributes to the total 340  

AOD. Much of the spring peak of forest and harvest burning in India coincides with the pre-341  

monsoon dust season [Dey and Di Girolamo, 2010], so most burning cases are selected during 342  

early spring or during the smaller burning season in November. Similarly, major biomass 343  

burning in sub-equatorial Africa during boreal winter coincides with the November-March 344  

season of dust transport [Pandithurai et al., 2001], and therefore fire cases were chosen at the 345  

onset of the burning season - in November to minimize the dust influence.  346  

Years 2006 and 2007 were those of very little biomass burning in Alaska, so only few 347  

cases were observed by MODIS, out of which only four were both large enough to be seen from 348  

space and sufficiently un-obscured by clouds to be used for this analysis. 349  

 350  

4 Results and discussion 351  

4.1 Comparison of emission options 352  

Emission options defined in section 2.4 provide a range of BB emission estimates. Figure 353  

2a shows total dry mass burned globally in 2006, as estimated by each emission option. Since the 354  

QFED inventory calculates aerosol emissions directly from MODIS-measured FRP, it does not 355  

provide a DM estimate. Figure 2b illustrates the differences in corresponding 2006 global BB 356  

emissions of BC. The comparisons for OC and SO2 (not shown here) produce similar patterns to 357  

that of BC. The magnitudes of SO2 emissions are similar to those of BC, and OC emissions are 358  

approximately eight times larger, as expected from the values of species emission factors 359  

introduced in section 2.1.3. Comparisons of both DM and emissions of individual aerosol species 360  

for 2007 also show similar patterns. 361  



18  
  

The differences between individual emission options can be quite large. Thus, the largest 362  

estimate of global total BC emissions by the mod1-CCm-GOCART option is about eight times 363  

larger than that in GFED3. These differences can be explained by the choice of parameters that 364  

were combined according to Equation 1. Some of these differences are briefly discussed below.   365  

Estimates of burned area by MCD45, GFED3, and a version of mod1 were compared in 366  

detail in previous studies by Roy et al. [2008] and Giglio et al. [2010]. Although the total burned 367  

areas reported by all three products globally in 2006 are very similar: 3.94x106 km2 in mod1, 368  

3.96x106 km2 in MCD45, 3.41x106 km2 in GFED3, their performance in different ecosystems is 369  

noticeably distinct. Roy, Boschetti et al. [2008] demonstrated that in ecosystems having low Leaf 370  

Area Index (LAI) and low percent tree cover - shrublands, grasslands, and savannas, the active 371  

fire product (mod1) estimates less burned area (BA) than MCD45. On the other hand, when the 372  

percent tree cover is high, especially evergreen forests - both needleleaf (mostly in boreal 373  

regions) and broadleaf (mostly in equatorial regions), mod1 reports more BA compared to 374  

MCD45. GFED3 burned area estimates are similar to those from MCD45 in many regions 375  

[Giglio et al., 2010]. Croplands are an exception to this pattern, and although having low LAI at 376  

the time of burning, more BA is reported globally by mod1 than the MCD45 algorithm for this 377  

category [Roy et al., 2008], with GFED3 BA being even lower than MCD45 in croplands [Giglio 378  

et al., 2010].  379  

Since most of the area burned is a result of fires in Africa, followed by South America 380  

and Australia, BB emissions from vegetation types dominant in these regions (GLC codes 1, 3, 381  

and 12) show the largest absolute differences, consistent with the described BA detection 382  

patterns. The differences in estimated BA and subsequent emissions can be quite large 383  

regionally, such as in boreal regions covered by evergreen needle-leaf forests (GLC code 4), or 384  
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in tropical crops and shrubs (GLC code 17), but their contribution to total global emissions is 385  

relatively small. 386  

The chosen fuel consumption (B*  in Eq. 1) products have not been explicitly compared 387  

elsewhere. Since no static fuel consumption is provided in the GFED3 dataset, we obtained the 388  

equivalent fuel consumption by dividing the GFED3 monthly values of burned dry mass by the 389  

corresponding value of burned area in every GOCART grid box. Average fuel consumption from 390  

all the available data for the period of 1997-2009 is shown in Fig. 3e. The maps of absolute fuel 391  

consumption differences emphasize the discrepancies between the datasets, where the largest 392  

differences are in the forested boreal and tropical regions. CC estimates of fuel consumption by 393  

fires of high severity (CCh) have the largest values, and CCl - the lowest. Assuming all fires of 394  

medium fire severity for a reference, we compare the absolute values of fuel consumption in the 395  

datasets.  The general trend, which shows the CCm dataset including all fires of medium severity 396  

(CCm) as giving largest fuel consumption estimates, followed by the GLC and GFED3, is 397  

reversed in the boreal needleleaf forest where the GFED3 fuel consumption is the largest, 398  

followed by GLC and CCm, and is partially reversed in the parts of tropical forest where GFED3 399  

is the largest, followed by CCm and GLC. 400  

The Haines Index tends to increase the average daily fuel consumption in most regions if 401  

it serves as a proxy for fire severity to determine fuel consumption, as described in section 2.1.2. 402  

The GLC and GFED emission factors are similar and are all generally lower than the 403  

GOCART standard Ej's. This difference is smallest in the extra-tropical forest, and is largest in 404  

the grasslands and shrublands, where the standard GOCART option can be up to a factor 2 to 3 405  

larger than either the GLC or GFED Ej's. 406  

 407  
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4.2 Evaluation of emission options using G O C A R T and M O DIS A O D  408  

We compared GOCART AOD, sampled at the closest time to the satellite overpass from 409  

each of 13 model runs, with MODIS AOD averaged to the model grid. The maps of MODIS and 410  

GOCART AOD within each case box were visually inspected to evaluate the spatial features of 411  

the simulated plume. As an example, Figure 4 shows the MODIS visible image, retrieved 412  

MODIS AOD with original 10-km resolution, re-gridded MODIS AOD to model grid, and 413  

snapshots of GOCART AOD from all runs with different emission options for case 11 in Russia 414  

on July 20, 2006. As noted earlier, QFED dataset uses MODIS AOD as one of the input datasets 415  

for estimating emissions, so AOD from QFED-based GOCART runs cannot be fairly compared 416  

to MODIS AOD. 417  

To limit analysis of aerosol properties to smoke within the plumes, a threshold AOD 418  

value (provided in Table 4) was chosen by visual inspection of MODIS and GOCART AOD 419  

maps for each case, with an attempt to separate smoke plumes from the background. The values 420  

of all pixels where AOD exceeded the threshold were considered in calculating average AOD 421  

values for MODIS observations and model simulations in each case. 422  

Since the bulk of BB aerosol emissions consists of mainly BC and OC [Andreae and 423  

Merlet, 2001; Seinfeld and Pandis, 1998], BB emissions are represented by the sum of BC and 424  

OC emissions in subsequent analysis. The GOCART model works with aerosol emissions in 425  

terms of emission rates, expressed in units of mass of aerosol species per unit area per unit time. 426  

Therefore, to use satellite AOD as a constraint for BB emissions in the model, we first explore 427  

the relationship between emissions input into the model and simulated AOD output. This 428  

relationship is plotted in Figure 5. To keep the analysis independent of the fire case box size, we 429  

use units of emission rate (kgC km-2 day-1) to characterize emission amount. The values from all 430  
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model runs and all fire cases are colored according to the region where the fire is located. The 431  

region colors are defined in Figure 1. 432  

The same dataset, plotted for each region separately, follows in Figure 6. Colors are used 433  

here to represent different emission options, and symbols distinguish fire cases occurring in a 434  

given region. Symbols corresponding to each fire case are given in Table 4. The symbol 435  

associated with the emission option that produces the average GOCART AOD closest to the 436  

average MODIS AOD for each case is highlighted in black. Connected to each such symbol is a 437  

black line showing the difference between this model average AOD and the MODIS average 438  

AOD for this case (i.e., MODIS measurement would plot at the end of this black line). 439  

The regional performance of the model with different emission inventories is presented in 440  

Figure 7 in a series of maps, where each map shows the performance of GOCART with BB 441  

aerosol estimated by one of the emission options. The color of each case box in Figure 7 shows 442  

the ratio of average GOCART AOD to average MODIS AOD. The darker the red color, the more 443  

GOCART overestimates MODIS AOD, and the darker the blue color, the lower the GOCART 444  

AOD compared to MODIS. Green color marks the cases where GOCART and MODIS average 445  

AOD are within about 20% of each other. Figure 7 is further summarized in Table A in the 446  

supplementary material to this paper.  The major trends highlighted in Figures 5, 6, and 7 follow. 447  

- Data points in Figures 5 and 6 form a pattern of two distinct regimes: 448  

o  In the first regime the points are clustered parallel to the horizontal axis. 449  

These are regions dominated by background aerosol, where the BB 450  

contribution does not significantly affect the total AOD. This happens, for 451  

example, when the BB AOD is very low and is not much higher than AOD of 452  

the environment, such as in some cases in the USA.  Alternatively, the 453  
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background aerosol loading can be so high that even substantial BB emissions 454  

do not contribute a dominant fraction to the total AOD. Such are the cases in 455  

China and India. Qualitatively, in the areas where AOD is dominated by non-456  

BB aerosols, different BB inventories make little differences in GOCART 457  

AOD. In contrast, even though the non-BB background AOD is also rather 458  

high in South-East Asia, North-Central Africa, and Central and Eastern 459  

Europe, the contribution of BB aerosol is significant enough that the choice of 460  

emission inventory measurably affects the total AOD. The contribution to 461  

total AOD in the model from different aerosol types was evaluated both 462  

spatially and in magnitude to come to this conclusion. Wind dispersal, which 463  

also tends to flatten the curves in Figure 6 regardless of background aerosol 464  

level, is discussed in Section 4.3 below. 465  

o In the second regime, AOD depends on the amount of smoke emissions. This 466  

"BB-dominated" regime appears after a certain amount of emissions has been 467  

reached, i.e., after the contribution of BB aerosol to total AOD starts to 468  

noticeably overweigh the background aerosol components.  469  

- The spread of the data points along the X-axis in each case in Figure 6 (cases are 470  

distinguished by different symbols here) shows the range of estimates provided by different 471  

emission options. The spread of values is generally larger, i.e. the discrepancies between 472  

emission rates estimated by different inventories are large, in background-dominated areas where 473  

the area is polluted (India, China, Eastern Europe), the observed plume is not well-defined or 474  

small (some US cases, Alaska), or the event is long-lasting so overlying thick smoke prevents 475  

good observations of burned area and fire properties (some cases in Canada, Indonesia). In BB 476  
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emission-dominated regions (Russia, North Australia, South America), emission estimates from 477  

different emission options are fairly similar, but given a steep slope of the AOD vs. (BC+OC) 478  

emissions relationship, even a small change in emission amount has a significant effect on the 479  

simulated AOD. 480  

- Qualitative comparison of the GOCART and MODIS AOD maps shows that the 481  

model performs better spatially and more consistently in magnitude in the cases having large, 482  

distinct biomass burning plumes, such as the case in Russia, shown in Figure 4. Thus, intense 483  

fires in the forested areas of Russia, Indonesia and Canada are best modeled by GOCART 484  

spatially, and the relative performance of the model is consistent from case to case when 485  

different emission inventories are used. These are the regions where the majority of emissions 486  

are only from BB sources and the plumes are significantly thick and distinct from the 487  

background. These are also regions of dark, densely vegetated surface, the best conditions for 488  

MODIS over-land AOD retrieval [Levy et al., 2010].  489  

- Figure 8 shows average MODIS AOD for each case. Examination of this figure 490  

together with maps of Figure 7 suggests that in regions having average MODIS AOD 0.5 or 491  

larger, the simulated AOD is lower than observed, regardless of the emission option used (except 492  

"mod1-CCi-GOCART" option in Russia). These regions include Russia, South Australia, part of 493  

Latin America (Honduras), and Indonesia. In the regions with average MODIS AOD values of 494  

0.5 or lower, the GOCART vs. MODIS AOD comparison is less consistent.  495  

- Persistent low bias of GOCART BB AOD in Indonesia, South Australia and 496  

Russia merits further investigation, but is immediately related to omissions in biomass burning 497  

emission estimates. 498  
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- Model underestimation of total AOD in heavily pollution dominated regions of 499  

India and China have been shown previously [Chin et al., 2009], a problem that is mostly 500  

associated with the anthropogenic and dust emissions and transport. 501  

- Regarding the regional performance of individual emission options: 502  

o The choice of MCD45-based emission options can lead to extreme AOD 503  

overestimation in the tropical regions - Africa, Latin America, North 504  

Australia, South-East Asia and very low AOD values in the forest regions for 505  

Russia, Canada, Indonesia, and South Australia. 506  

o As mentioned above, assuming 1 km2 per fire count produces a higher-end 507  

estimate of burned area, and the "mod1"-based emission options tend to 508  

overestimate emissions, often by large factors in some regions (Latin and 509  

South America, Africa), but these high emission estimates bring simulated 510  

AOD close to MODIS-observed in the boreal regions.  511  

o The use of GFED emission inventories generally leads to the best AOD 512  

comparison in Africa, where other inventories overestimate MODIS AOD, but 513  

in most other regions GFED-based model runs have AOD lower than MODIS, 514  

more so with monthly (GFEDv2, and GFED3) than daily inventories, as 515  

expected. Also as expected, monthly GFED inventories appear to perform 516  

well for the long-burning events in the sparsely vegetated regions of Africa, 517  

North Australia, South-East Asia, and tend to underestimate emissions more 518  

for intense individual fires in Russia, Canada, and the USA.  519  

o Using the GFED3-daily emission inventory does not lead to a consistent 520  

improvement in all regions over monthly GFED3 estimates, but, as expected, 521  
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it improves performance for shorter-lived fires. However, the larger values of 522  

GOCART standard emission factors bring the emission estimates up, and 523  

closer to observations.  524  

4.3  E ffect of aerosol dispersion on A O D   525  

Spatial distribution of AOD depends not only on the source strength, but also on the rate 526  

at which the plume is dissipated. Therefore, to quantitatively evaluate AOD-emissions 527  

relationship we have to account for smoke dissipation. Smoke plume dispersion is governed by 528  

wind shear and turbulence in the surrounding environment. Thus, strong vertical and horizontal 529  

atmospheric motions within the environment promote clear air entrainment, mixing, and plume 530  

dispersion. Plumes in stable air tend to stay more confined. Since smoke plume optical depth is 531  

proportional to smoke density, it is reasonable to assume that compact and well-contained 532  

plumes will be optically thicker than more dispersed plumes containing the same amount of 533  

aerosol particles. Therefore, in the BB-dominated regime, we expect similar changes in emission 534  

amount to have different effects on the resultant AOD. Further, we investigate the relationship 535  

between plume environment, aerosol dispersion and their effects on simulated AOD values.  536  

4.3.1  H eight of smoke plumes and vertical dispersion  537  

The vertical structure of the smoke events studied was investigated by visually examining 538  

the MISR stereo height of the plumes or CALIPSO profiles whenever these observations were 539  

available. Since vertical dispersion of aerosol in the atmospheric column in itself has little effect 540  

on total column AOD, we mostly checked whether the smoke was confined to the relatively 541  

well-mixed planetary boundary layer (PBL, as defined by GEOS4-DAS). Figure 9 provides an 542  

example of how MISR and CALIPSO observations are used to find the plume height. Both 543  

instruments passed over the plume in case 11 on the same day as MODIS. It is worth 544  
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remembering that CALIPSO-Day measurement was made approximately 2.5 hours after MISR, 545  

and CALIPSO-Night observation, spatially coincident with MISR, occurred about 16 hours after 546  

MISR and MODIS snapshots. CALIPSO vertical feature mask are overlaid with the GEOS-4 547  

PBL height, which is between about 2 and 3 km above terrain. Both CALIPSO aerosol profiles 548  

and histograms of MISR pixel heights indicate aerosol signature within the boundary layer, 549  

especially at the source, while detecting some higher clouds around 10 km. MISR heights away 550  

from the BB emission sources and CALIPSO-Day measurements have signature of aerosol 551  

possibly transported above the PBL. PBL height being considerably lower at night, a height of 552  

the mixed layer, approximated by PBL height at 6:30 AM UTC (13:30 local time), is also shown 553  

in dashed line in Figure 9 on CALIPSO-Night plot. 554  

If the smoke is injected directly into the free troposphere, the horizontal winds can 555  

transport it away fast enough to prevent accumulation of smoke and affect our conclusions about 556  

total AOD as a proxy for cumulative strength of BB sources. Although smoke injection above 557  

the PBL does occur in some cases [Kahn et al., 2008; ValMartin et al., 2010], except for the few 558  

large burning events in Russia, Canada, Indonesia and South Australia studied here (cases 47, 48, 559  

50, 2, 3, 14, 15, 16, 18, 20) where smoke was found in the free troposphere, analysis similar to 560  

that shown in Figure 4 suggests it was lifted there after initial injection into the boundary layer, 561  

and these cases conform to the general patterns described in the analysis sections below.  562  

4.3.2  Wind speed and horizontal dispersion 563  

To calculate average PBL wind speed for each case we average absolute mid-PBL wind 564  

speeds in all model grid boxes where the BB sources are defined. The same data points as in 565  

Figure 6 are plotted in Figure 10, now colored by the average PBL wind speed in the case box. A 566  

number of factors affect the apparent relationship between the AOD, which reflects the local 567  
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concentration of aerosol particles, and the plume emission strength.  We expect the AOD to be 568  

directly related to the emission strength, and inversely related to the local wind speed, which 569  

dissipates the aerosol.  So other factors being equal, the slope of the AOD vs. emission strength 570  

line would be steeper in cases having lower wind speeds, and shallower when the wind speed is 571  

higher.  However, the atmospheric stability structure also affects the result, as the aerosol will 572  

tend to dissipate more readily in a less stable atmosphere, and if background aerosol dominates 573  

the emission source, the ambient AOD might not be significantly affected by changes in the 574  

strength of a local source, as discussed in Section 4.2 above.  575  

4.4   Possibility of using M O DIS A O D as a quantitative constraint on biomass burning 576  

aerosol emissions 577  

To use satellite observation of AOD as a constraint to model emissions, a quantitative 578  

relationship must exist between the actual BB emission rate and MODIS-observed AOD, 579  

assuming that GOCART model can reproduce this relationship. We have already established that 580  

wind speed is an important factor that governs AOD-emissions relationship in BB-dominated 581  

regions. Therefore, we find a fit to the data points in the AOD vs. emissions (BC+OC) plots for 582  

every region as is described below, and this relationship is the one needed to find the emission 583  

rate required to produce observed AOD in the given environmental conditions. GOCART 584  

average AOD closest to the MODIS average AOD for each case has been marked with black 585  

symbols, as in Figure 6, with a line from each such data point showing the magnitude of AOD 586  

under- or overestimation compared to the average MODIS AOD. 587  

In each region, several lines, each corresponding to one of the three wind speed 588  

categories  (0-3, 3-6, and > 6 m/s) were fitted to the data points in the BB-dominated regime in 589  

Figure 10. An empirical emission density cutoff between background-dominated and BB-590  
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dominated regimes was chosen in each region where a BB-dominated regime is observed, and 591  

these cutoff values are listed in table 5. The emission rate cutoff value is found to be around 10 592  

kg/km2/day, where stronger emissions are likely to measurably affect the total column AOD, but 593  

varying depending on the background AOD. The data suggest that a larger cutoff value is 594  

required for India, probably due to a more polluted background, and a lower value in North 595  

Australia, for which there are no data clusters parallel to the X-axis to form a background-596  

dominated regime. No emission density cutoff could be selected for Alaska and China due to 597  

very faint plumes in the former (in the cases studied here) and a total domination of background 598  

aerosol in the latter. The data points falling into three wind speed categories (0-3, 3-6, and > 6 599  

m/s) can be fit to equations of the form (linear fit on a log-log plot):   600  

Y=exp(a)*Xb,      [3] 601  

where X is the OC+BC daily-integrated fire emission in kg per km2, Y is the average GOCART 602  

AOD within the plume, and the resulting wind-regime-dependent regional fit coefficients a and b 603  

are listed in Table 5. The quantitative relationship between AOD and aerosol emission rate as a 604  

function of wind speed allows the use of MODIS AOD to constrain the BC+OC emission rate in 605  

the model, assuming the plume is emitted into the PBL and the average PBL wind speed is 606  

known. Such estimates should be more certain under lower wind speed conditions (due to small 607  

changes in emissions leading to significant changes in AOD), and less certain under higher wind 608  

speed conditions, where a larger range of emission rates is allowed within available constraints. 609  

4.5    L imitations of the method, and topics for further study 610  

Our method of using MODIS AOD to constrain BB emissions in the global model has 611  

some limitations: 612  
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- The method is based on the assumption that the discrepancies between MODIS and 613  

GOCART AOD are predominantly caused by the under- or over-estimate of 614  

emissions, such that the errors in aerosol removal or mass extinction efficiency 615  

(converting aerosol mass to AOD) are much smaller than that in emissions. This 616  

assumption could be wrong in some cases. 617  

- It has been shown that total column AOD provides a poor constraint on BB emissions 618  

in background-dominated regions. 619  

- The effect of wind speed on the AOD-emissions relationship has to be explored 620  

further in the light of interaction of smoke plume with more or less polluted 621  

environment. 622  

- Even though physically sound, the relationship between AOD and BB aerosol 623  

emission rate has been quantitatively described for one version of the GOCART 624  

model only, and its application to models having different spatial resolution and 625  

physical aerosol processes needs to be investigated. 626  

- The use of the MODIS AOD product brings a set of its own limitations, such as 627  

missing AOD retrievals in the cores of very optically thick plumes, over bright 628  

surfaces, or in regions with complex cloud cover, and AOD over- or underestimation 629  

in some situations [Levy et al., 2010]. The notes are provided in table 4 for the 630  

regions where AOD retrievals were missing in the studied fire cases. In the cases 631  

where MODIS AOD cannot be retrieved, AOD from other satellite instruments can 632  

be used when available. 633  

- The results in this study are based on one year of fire observations. Inter-annual 634  

variability of fire locations and intensity merits further investigation, to test the 635  
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applicability of the method quantitatively in regions where fire seasons, and thus, fire 636  

and smoke properties and amount, can vary significantly.  637  

- Since the global model is too coarse to simulate individual smoke plumes of sub-grid 638  

size, the method is rendered insensitive to small AOD variations when averaging 639  

MODIS AOD, and is similarly insensitive to small aerosol concentration changes, 640  

when the model requires an aerosol emission source the size of an entire grid box. 641  

 642  

5 Conclusions 643  

We used ready-to-use global biomass burning aerosol emission inventories GFEDv2, 644  

GFED3, and QFED, as well as several combinations of burned area, fuel consumption and 645  

aerosol emission factor estimates for this study, which resulted in a total of thirteen global BB 646  

emission options. We compared the amounts of BB aerosol emitted during the year 2006, as 647  

estimated by all thirteen emission options, and found that annual global total BC or OC emission 648  

estimates can differ by a factor of eight, with GFED3 providing the lowest estimate, and 649  

emission options based on MODIS fire counts, Langley Carbon Consumption estimates and 650  

GOCART emission factors producing the largest. Although emission factor and fuel 651  

consumption choices can each lead to about a factor of two-to-three difference in a given region, 652  

burned area estimates can vary dramatically between the inventories, producing the largest 653  

differences between emission options. The performance of these emission options in the 654  

GOCART model was evaluated by comparing model simulated AOD to the MODIS-measured 655  

AOD. AOD from QFED-based model runs could not be fairly used in such comparison, due to 656  

the use of MODIS AOD as one of the parameters in calibrating QFED emissions. 657  
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Twelve GOCART runs, each with a different emission option, comprise an ensemble of 658  

runs, providing a range of input emissions and output AOD estimates that were evaluated for 124 659  

fire events chosen globally. In general, the model performs best spatially and most consistently 660  

in magnitude, when simulating large biomass burning events of Russia and Canada, and less 661  

consistently in the regions where other sources of aerosol, such as anthropogenic pollution or 662  

dust, make significant contributions to the background - Asia, Africa, Central-Eastern Europe. In 663  

regions of complex terrain and patchy vegetation, such as the USA, the inventories do not agree 664  

well, and the comparison between GOCART and MODIS is not consistent.  665  

The use of GFED inventories leads to the best AOD agreement in Africa, where other 666  

inventories overestimate MODIS AOD, but in most other regions GFED-based runs have lower-667  

than-MODIS AOD. The use of daily GFED emissions generally improves AOD comparison 668  

compared to the use of  monthly emission estimates in the cases of short-lived individual fires. 669  

Emission estimates based on MCD45 burned area lead to significant AOD underestimation in 670  

higher latitudes, and overestimation in Africa. 'mod1'-based model runs result in the best AOD 671  

comparisons in the boreal regions, while mostly overestimating AOD in the tropical regions. 672  

The relationship between BB aerosol, expressed as a sum of BC and OC emissions, and 673  

the resultant AOD, forms two distinct regimes. First is the "BB-dominated" regime where BB is 674  

the main aerosol source, and changes in BB emission rate clearly affects the total AOD in the 675  

region. Second is the "background-dominated" regime, in which the contribution of BB smoke to 676  

the total AOD is small enough that changes in smoke emission rate does not produce significant 677  

total-AOD changes. The rate of BC+OC emission from BB (in units of kg/km2/day) needs to be 678  

larger than a certain threshold for emission-AOD relationship to be in BB-dominated regime. 679  
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This threshold is around 10 kg/km2/day in most regions studied, when the source is of the size of 680  

the GOCART model grid box, but varies depending on the background AOD level. 681  

The rate of change of AOD in response to change in amount of BB emissions is affected 682  

by the dispersion potential of the plume environment, which is usually dominated by the wind 683  

speed and atmospheric stability. In clean environments, higher wind speeds lead to shallower 684  

slopes of the AOD vs. emissions relationships, meaning larger changes in AOD are needed to 685  

noticeably affect the total column AOD. Thus, given a quantitative relationship between AOD 686  

and BB emissions in each geographic region, satellite-measured AOD can be used to constrain 687  

the BB source strength, given the average wind speed in the region. However, MODIS total 688  

column AOD cannot be used to constrain BB emissions in the background-dominated regime, 689  

and the regional quality of the MODIS AOD product also has to be considered when using it as a 690  

quantitative constraint. 691  
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F igure captions: 1000  

Figure 1. The 124 fire cases used in this study, with case boxes color-coded by geographic 1001  

region. Underlying colors represent the GLC vegetation types described in section 2.1.2. 1002  

Figure 2. Left graph (a): Total dry mass burned globally in 2006, reported by GOCART emission 1003  

input options considered in this study; Right graph (b): total global emission of BC, each 1004  

column representing one emission option. Colors in each bar correspond to dry mass burned 1005  

(left) or BC emissions (right) from the GLC vegetation categories outlined in Fig.1. 1006  

Figure 3. Fuel consumption estimates in kg/m2, by the Carbon Consumption (CC) inventory for 1007  

low (a), medium (b) and high (c) fire severity, GLC (d), and GFED3 (e) datasets. Absolute 1008  

differences between CCm, GLC, and GFED3 fuel load are in (f), (g), and (h). 1009  

Figure 4. Case 11: Russia, 20 July 2006. Top Row: Terra-MODIS visible image of the scene 1010  

with fire locations marked in red; total column MODIS AOD with original 10-km resolution, 1011  

as provided by MOD04 data product; MODIS total TOA AOD averaged to GOCART grid; 1012  

followed by maps of the temporally closest 3-hour output of instantaneous GOCART AOD 1013  

values for different emission options. Emission options used as input to each of the model 1014  

runs are labeled on top of the corresponding maps. 1015  

Figure 5. Average GOCART AOD for each fire case and each model run plotted against average 1016  

emission rate for the corresponding case in the corresponding emission option. Data points 1017  

are colored by geographic region, with colors defined in Fig. 1. 1018  

Figure 6. GOCART AOD vs. average BC+OC emission rate. Different symbols distinguish 1019  

individual fire cases. Colors represent different emission options in GOCART. The output of 1020  

GOCART run for which the simulated AOD is closest to MODIS is marked in black. The 1021  
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black line from each such data point shows the magnitude of AOD under- or overestimation 1022  

compared to the average MODIS AOD. 1023  

Figure 7. Ratios of GOCART average AOD to MODIS average AOD for each of the 124 studied 1024  

cases, with different emission options used as input to GOCART. 1025  

Figure 8. Average MODIS AOD for each of 124 analyzed fire cases. 1026  

Figure 9. Case 11: Russia, 20 July 2006. Top Row: Terra-MODIS visible image of the scene 1027  

with fire locations marked in red; schematic tracks of CALIPSO and MISR tracks during the 1028  

same day in orange and light green, respectively. Satellites are moving in the direction 1029  

marked with the errors parallel to the orbits. Map of MISR Stereo heights, and the histograms 1030  

of the pixel heights in two regions A (source region) and B (transported aerosol downwind) 1031  

are shown in the upper panel. Lower panel shows CALIPSO Vertical feature mask overlaid 1032  

by the GEOS-4 PBL height for the coordinates of the case box at the time of CALIPSO 1033  

overpass. CALIPSO-Night observation also shows in dashed line the height of the mixing 1034  

layer, approximated as the PBL height at 6:30 UTC (13:30 local time). 1035  

Figure 10. Same as Fig.6 but here the colors represent average PBL wind speed for each case at 1036  

the BB source; the GOCART output closest to MODIS is marked in black. 1037  
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Table 1. G L C2000 vegetation types defined and thei r cor responding physical properties and 
emission factors  [Liousse et al., 2003; Liousse, 2010, personal communication; Michel et al., 
2005] 

G L C 
code 

G L C vegetation type descr iption 
 

Fuel 
density, 
kg/m2 

Burning 
efficiency 

F B C , 
g(B C)/ 
kg(D M) 

F O C , 
g(O C)/ 
kg(D M) 

FSO2, 
g(SO2)/ 
kg(D M) 

1 Tree Cover broadleaved evergreen 23.35 0.25 0.70 6.40 0.57 
2 Tree Cover  broadleaved  deciduous  closed 20.00 0.25 0.60 6.00 1.00 
3 Tree Cover  broadleaved  deciduous  open 3.30 0.40 0.62 4.00 0.35 
4 Tree Cover  needle-leaved  evergreen 36.70 0.25 0.60 6.00 1.00 
5 Tree Cover  needle-leaved  deciduous 18.90 0.25 0.60 6.00 1.00 
6 Tree Cover  mixed leaf type 14.00 0.25 0.60 6.01 0.99 
7 Tree Cover  regularly flooded  fresh water 27.00 0.25 0.70 6.40 0.57 
8 Tree Cover  regularly flooded  saline water 14.00 0.60 0.65 5.15 0.46 
9 Mosaic: Tree Cover / Other natural vegetation 10.00 0.35 0.61 5.00 0.68 

10 Tree cover, burnt 0 0 0.00 0.00 0.00 
11 Shrub Cover  closed-open  evergreen 1.25 0.90 0.62 4.00 0.35 
12 Shrub Cover  closed-open  deciduous 3.30 0.40 0.62 4.00 0.35 
13 Herbaceous Cover  closed-open 1.43 0.90 0.62 4.00 0.35 
14 Sparse herbaceous or sparse shrub cover 0.90 0.60 0.67 3.11 0.37 
15 Regularly flooded shrub and/or herbaceous cover 0 0 0.00 0.00 0.00 
16 Cultivated and managed areas 0.44 0.60 0.73 2.10 0.40 
17 Mosaic: Cropland / Tree Cover / Other natural v. 1.10 0.80 0.64 3.64 0.36 
18 Mosaic: Cropland / Shrub and/or grass cover 1.00 0.75 0.65 3.35 0.37 
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Table 2. G F E D3 emission factors used for different fire types, in g species per kg D M [Van der 
Werf et al., 2010] 

 Deforestation Savanna and 
Grassland 

Woodland Extratropical 
forest 

Agricultural 
waste burning 

Peat fires 

OC 4.30 3.21 3.76 9.14 3.71 4.30 
BC 0.57 0.46 0.52 0.56 0.48 0.57 
SO2 0.71 0.37 0.54 1.00 0.40 0.71 
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Table 3. Emission estimates used as input to G O C A R T model 
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D
 

Burned area products 
Based on MODIS active fire 
counts (mod1) 

X X X X          

MODIS collection 5 burned area 
product - MCD45A1 (M CD45) 

    X X X X      

F uel consumption, dry mass, and emission products 
Carbon consumption (CC) 
dataset, converted to fuel 
consumption using Haines index 
(C Ci) 

X    X         

CC dataset, converted to fuel 
consumption assuming all fires of 
medium severity (C Cm) 

 X    X        

GLC2000 fuel consumption 
(G L C) 

  X X   X X      

GFED version 3 - daily dry mass 
burned (G F E D3d) 

        X X    

GFED version 3 - monthly dry 
mass burned (G F E D3m)           X   

GFED version 2 - monthly dry 
mass burned (G F E D2m) 

           X  

QFED2 - daily BC, OC and SO2 
emissions (Q F E D)             X 

Emission factor options 
Standard GOCART F j 
(G O C A R T) 

X X X  X X X  X  X X  

GLC2000 emission factors 
(G L C) 

   X    X      

GFED version 3 emission factors           X    
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Table 4. Study cases by region with the regional specifics of biomass burning 

Region  
Biomass 
burning 

season(s) 

Case number , T/A , 
Date (yyyy-mm-dd)  

coordinates [SW corner ; N E corner]  
 

A O D 
threshold, 
symbol in 

F ig.5 

Dominant vegetation type(s); 
Character istics of burning; some notes on 

M O DIS A O D  

A laska  
Jun-Aug 

42 T (2006-06-04) [60N 165W; 64N 160W]  
43 T (2006-06-05) [58N 165W; 64N 155W] 
46 T (2006-07-23) [62N 145W; 64N 135W] 
122 T (2006-06-15) [67N 147W; 69N 139W] 

0.15 
0.15 
0.05 
0.15 

◇ 

△ 

□ 

○ 

Tree cover: mosaic with other natural 
vegetation, evergreen; evergreen shrubs.  
       Individual fires with associated smoke 
plumes. 
    MODIS AOD is not usually retrieved in 
plume cores.  

Canada 
Jun-Sep 

1 T (2006-07-04) [50N 130W; 65N 100W] 
2 T (2006-06-26) [48N 110W; 60N 95W] 
3 T (2006-06-27) [40N 116W; 64N 85W] 
31 T (2007-05-10) [47N 92W; 51N 87W] 
70 A (2006-08-31) [49N 100W; 62N 80W] 
74 A (2006-09-06) [52N 97W; 55N 88W] 
113 T (2006-07-05) [48N 110W; 60N 90W] 
114 T (2006-09-10) [53N 113W; 65N 90W] 

0.15 
0.15 
0.15 
0.1 
0.15 
0.1 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 

Tree cover: needleleaved, mixed leaf type, 
mosaic with other natural vegetation. 
    Individual fires with associated smoke 
plumes combine into large-scale 
plumes/smoke regions.  
    MODIS AOD is often not retrieved in 
plume cores. 

China 
Jan-Apr,  
Aug-Oct 

37 T (2007-05-29) [29N 108E; 37N 122E] 
55 T (2006-08-15) [24N 116E; 36N 124E] 
59 T (2006-09-22) [24N 104E; 40N 126E] 
60 T (2006-10-05) [26N 110E; 44N 125E] 
61 T (2006-10-30) [22N 110E; 42N 124E] 
94 A (2007-04-29) [38N 124E; 41N 130E] 

0.4 
0.4 
0.4 
0.4 
0.4 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

Mosaic: Cropland, tree cover, other natural 
vegetation; Tree cover: neddleleaved, 
broadleaved. 
    Many fires with no distinct smoke plumes 
create overall hazy/smoky area. 

Europe 
Mar-May,  
Jun-Oct 
 

51 T (2006-07-28) [40N 16E; 48N 30E] 
53 T (2006-08-02) [44N 27E; 50N 40E] 
54 T (2006-08-04) [44N 30E; 54N 47E] 
69 T (2006-09-01) [52N 54E; 60N 66E] 
85 T (2006-08-07) [38N 13W; 43N 8W] 
86 T (2006-08-09) [40N 13W; 43N 8W] 
87 A (2006-08-13) [39N 11W; 43N 7W] 
132 A (2006-08-03) [44N 37E; 50N 44E] 
133 T (2006-08-06) [42N 37E; 46N 47E] 

0.2 
0.2 
0.2 
0.15 
0.15 
0.15 
0.15 
0.15 
0.1 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 

Cultivated and managed areas; Mosaic: 
Cropland, tree cover, other natural vegetation. 
  Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 

India 
Mar-May,  
Oct 
 
 

17 T (2006-11-05) [22N 70E; 35N 92E] 
41 A (2006-10-15) [28N 72E; 33N 80E] 
123 A (2007-03-26) [16N 78E; 21N 82E] 
124 A (2007-03-01) [12N 78E; 17N 80E] 
125 A (2007-03-06) [18N 81E; 22N 86E] 
126 A (2007-03-08) [16N 78E; 20N 83E] 
127 A (2007-03-17) [17N 78E; 22N 86E] 
128 A (2007-05-02) [29N 71E; 33N 77E] 
129 A (2007-05-07) [29N 70E; 34N 78E] 

0.1 
0.1 
0.15 
0.15 
0.15 
0.2 
0.15 
0.2 
0.2 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 
 

Cultivated and managed areas. 
     Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 

Indonesia 
Apr,  
Jul-Nov 
 

13 T (2006-10-12) [6S 104E; 2N 120E] 
14 T (2006-10-05) [6S 104E; 2N 120E] 
15 T (2006-10-04) [8S 100E; 4N 108E] 
16 T (2006-09-27) [6S 100E; 1N 108E] 
135 A (2006-10-02) [6S 100E; 2N 106E] 
136 A (2006-10-11) [6S 101E; 3N 106E] 

0.2 
0.1 
0.15 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○

▽ 

Tree cover: broadleaved; cropland/shrubs and 
/or grass. 
    Individual fires with associated smoke 
plumes combine into large-scale 
plumes/smoke regions.  
    MODIS AOD is often not retrieved in 
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▷ plume cores. 

L Amer ica 
Mar-Jun 
 

32 A (2007-05-12) [12N 88W; 16N 83W] 
33 A (2007-05-13) [12N 88W; 16N 83W] 
35 A (2007-04-11) [15N 93W; 18N 89W] 
36 T (2007-04-11) [15N 93W; 19N 88W] 
107 T (2007-05-02) [15N 94W; 21N 90W] 
108 T (2007-05-11) [15N 92W; 21N 89W] 
110 A (2007-04-18) [15N 92W; 19N 88W] 
112 A (2007-05-22) [16N 97W; 20N 90W] 

0.15 
0.15 
0.15 
0.1 
0.1 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 

Tree cover: broadleaved; cropland/shrubs and 
/or grass. 
   Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 

N Australia 
Aug-Nov  
 

57 T (2006-09-16) [18S 122E; 15S 130E] 
58 T (2006-09-18) [20S 122E; 12S 134E] 
65 A (2006-11-22) [28S 146E; 23S 154E] 
66 A (2006-11-22) [22S 134E; 15S 146E] 
67 A (2006-11-22) [26S 114E; 16S 128E] 
68 T (2006-11-24) [20S 130E; 12S 146E] 
103 A (2007-06-10) [15S 130E; 12S 135E] 
104 A (2006-11-17) [27S 146E; 24S 154E] 
105 A (2006-11-20) [16S 141E; 12S 144E] 
106 A (2006-10-04) [12S 130E; 10S 132E] 

0.1 
0.1 
0.1 
0.1 
0.15 
0.1 
0.15 
0.1 
0.15 
0.1 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 
 
▯ 

Shrub cover; herbaceous cover. 
     Individual fires, some with weak 
associated smoke plumes. 
     MODIS AOD is often not retrieved with 
intermittent clouds and bright surface. 

N C Africa 
Oct-Feb 

21 A (2007-01-05) [2N 12E; 9N 22E] 
62 T (2006-11-16) [4N 22E; 12N 34E] 
63 T (2006-11-16) [7N 15W; 16N 5W] 
64 T (2006-11-18) [4N 12E; 12N 23E] 
118 A (2006-11-26) [8N 6W; 10N 5E] 
119 A (2006-11-23) [8N 5W; 12N 4E] 
120 A (2006-12-03) [8N 14W; 14N 9W] 

0.15 
0.15 
0.15 
0.1 
0.15 
0.15 
0.1 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

Tree cover: broadleaved, mixed; shrubs; 
cropland. 
    Many fires with no distinct smoke plumes 
create overall hazy/smoky area 

Russia 
Apr-Oct 
 

10 T (2006-07-17) [56N 85E; 66N 115E] 
11 T (2006-07-20) [50N 80E; 70N 110E] 
47 T (2006-07-25) [60N 75E; 80N 130E] 
48 T (2006-07-25) [56N 70E; 80N 145E] 
50 T (2006-07-27) [51N 103E; 75N 137E] 
102 A (2006-07-24) [57N 82E; 68N 114E] 

0.15 
0.15 
0.15 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

Tree cover: needleleaved, mixed leaf type, 
mosaic with other natural vegetation. 
    Individual fires with associated smoke 
plumes combine into large-scale 
plumes/smoke regions.  
    MODIS AOD is often not retrieved in 
plume cores. 

SAmer ica 
Jul-Nov 
 

38 A (2006-08-21) [18S 70W; 6S 56W] 
39 T (2006-08-21) [20S 70W; 4S 58W] 
40 A (2006-08-24) [22S 73W; 5S 58W] 
44 A (2006-07-07) [32S 64W; 22S 54W] 
45 T (2006-07-12) [20S 62W; 10S 54W] 
56 T (2006-08-31) [23S 64W; 4S 52W] 
89 A (2007-01-13) [38S 75W; 33S 72W] 

0.15 
0.15 
0.15 
0.1 
0.1 
0.15 
0.1 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

Tree cover: broadleaved evergreen, 
deciduous; cropland/shrubs and /or grass. 
    Individual fires with or without associated 
smoke plumes, generally hazy, but some 
combine into larger plumes.  
    MODIS AOD is often not retrieved in 
complex cloudy scenes. 

SAustralia 
Feb-May 

18 T (2006-12-04) [39S 142E; 33S 150E] 
19 T (2006-12-18) [40S 144E; 32S 156E] 
20 T (2006-12-20) [40S 144E; 36S 150E] 
96 T (2007-01-10) [39S 145E; 37S 150E] 
97 T (2006-12-05) [41S 145E; 35S 151E] 
100 A (2006-04-13) [39S 147E; 35S 150E] 
101 A (2006-04-20) [40S 147E; 35S 150E] 
134 A (2006-12-08) [39S 143E; 34S 153E] 

0.1 
0.1 
0.1 
0.15 
0.15 
0.1 
0.1 
0.1 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 

Three cover: broadleaved evergreen; cropland. 
    Individual fires with associated smoke 
plumes combine into large-scale 
plumes/smoke regions, or 
      Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 
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SC Africa 
Jun-Oct 
 

12 T (2006-06-24) [16S 6E; 0 26E] 
49 A (2006-07-26) [18S 12E; 5S 32E] 
115 A (2007-06-24) [13S 19E; 5S 28E] 
116 A (2007-06-13) [13S 22E; 8S 30E] 
117 A (2006-08-04) [23S 32E; 16S 37E] 
121 A (2007-05-28) [12S 14E; 4S 24E] 

0.15   
0.15  
0.15   
0.1     
0.1    
0.1     

◇ 

△ 

□ 

○ 

▽ 

▷ 

Tree cover: broadleaved. 
   Many fires with no distinct smoke plumes 
create overall hazy/smoky area 

SE Asia 
Jan-Jun , 
Sep-Nov 

25 A (2007-03-04) [16N 97E; 24N 108E] 
27 T (2007-01-26) [11N 100E; 16N 108E] 
28 A (2007-01-28) [11N 100E; 16N 108E] 
90 A (2007-04-02) [18N 98E; 24N 106E] 
91 A (2007-03-13) [16N 97E; 23N 105E] 
92 A (2007-03-18) [13N 96E; 24N 102E] 
93 A (2007-03-27) [20N 93E; 26N 95E] 
95 A (2007-03-02) [18N 93E; 23N 96E] 

0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 

Cropland; tree cover: needleleaved, 
broadleaved; shrub cover. 
      Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 

E USA 
Feb-Jun 

23 A (2007-03-07) [30N 91W; 34N 82W] 
24 T (2007-03-07) [30N 96W; 36N 88W] 
75 T (2007-03-20) [30N 88W; 35N 80W] 
76 T (2007-05-20) [30N 84W; 34N 81W] 
109 A (2007-05-12) [26N 85W; 33N 81W] 
111 T (2007-05-22) [1N 86W; 35N 81W] 

0.1 
0.1 
0.15 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

Cropland; tree cover: needleleaved, 
broadleaved; shrub cover. 
      Fires with or without detectable associated 
smoke plumes create overall hazy/smoky area. 

W USA 
Jun-Nov 

4 T (2006-07-16) [44N 110W; 48N 104W] 
5 T (2006-07-18) [45N 110W; 50N 104W] 
7 T (2006-09-12) [42N 118W; 50N 105W] 
8 T (2006-06-20) [34N 107W; 41N 102W] 
9 T (2006-12-03) [32N 122W; 36N 117W] 
71 A (2006-10-26) [32N 120W; 35N 116W] 
72 A (2006-08-16) [41N 117W; 44N 111W] 
73 A (2006-09-06) [44N 124W; 54N 110W] 
77 A (2006-07-25) [46N 122W; 49N 116W] 
78 A (2006-08-02) [48N 122W; 50N 117W] 
79 A (2006-08-02) [38N 125W; 43N 120W] 
80 T (2006-08-07) [48N 121W; 54N 113W] 
81 T (2006-08-20) [47N 122W; 52N 113W] 
82 A (2006-08-27) [47N 124W; 52N 117W] 
83 A (2006-08-28) [48N 122W; 51N 115W] 
84 A (2006-08-28) [44N 118W; 48N 112W] 

0.1 
0.1 
0.1 
0.1 
0.1 
0.15 
0.15 
0.15 
0.1 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 
0.15 

◇ 

△ 

□ 

○ 

▽ 

▷ 

◁ 

 
 
▯ 

▭ 

 

 

 

 

Three cover: needleleaved; shrub cover. 
       Individual fires with associated smoke 
plumes. 
      Heterogeneous terrain and vegetation 
leads to many omissions in AOD retrievals 
and fire detections and characterization. 
MODIS AOD is often not retrieved in plume 
cores. 
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Table 5. Regional fit coefficients for Equation 3 by horizontal wind speed range 
  

 
Region 

Emission rate 
cutoff, kg/m2/day 

F it coefficients (a; b) for average wind speed ranges 
0-3 m/s 3-6 m/s 6+ m/s 

SAmerica 10 -2.29; 0.47 -2.17; 0.41 -1.43;0.15 
LAmerica 10 -3.17; 0.68 -3.08; 0.50  
SEAsia 10 -3.04; 0.51 -2.70; 0.50 -1.49; 0.19 
Russia 10 -2.00; 0.28 -3.14; 0.59  
SCAfrica 10  -3.07; 0.59  
NCAfrica 10 -1.61; 0.37 -2.12; 0.46  
NAustralia 2  -2.31; 0.27 -3.08; 0.42 
SAustralia 10 -2.87; 0.28 -2.02; 0.10  
Indonesia 10  -2.54; 0.44 -3.49; 0.65 
Canada 10  -2.52; 0.32 -2.00; 0.05 
WUSA 10 -2.80; 0.38 -2.58; 0.27 -3.29; 0.39 
EUSA 10 -1.89; 0.16 -1.98; 0.20  
Europe 10 -2.32; 0.35 -1.66; 0.60  
India 20 -3.01; 0.49 -2.82; 0.42  
China     
Alaska     
 
  


